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SuperKEKB

: . Belle
Ae-/e+ collider located in Tsukuba, Japan. S =

3 =" __ ::-h =

AB meson factory with the

“ .
i

: , 3km circumference 2
WORLD HIGHEST Luminosity. ,( i
=1 r! L
N - HER(e
AThe 2 featured challenges for luminosity: LER(e+) S I3 L /Sev26A
1. b -8 Y & @Kreradion Point. 4Ge\f»’>-§>f\
K 1/20 beam size than KEKB. N~
HUGE Beam 5

2.1 AGK 0SFY Odz2NNBy ¢
K 0 2 higher beam current than KEKB.

K Aim tol 40 Luminosit a0 v ) than KEKB.

Achieved in 2022: 8 =0 v @1.46A(LER)/1.14A(HER)

Current!
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SuperKEKB

Ae-/e+ collider located in Tsukuba, Japan.

Rn | T Vo W . W . W .Y ;ﬂh"'f\lﬁl' IAI:"'IA +Iﬂl\

Critical challenge for RF system
N Beaminstabilitty y 2 G2 Rl & Q&
L Huge beam loading (BL)Main theme of this talk

: Bellen
s | detector

3km circumference

71GeV2.6A

RATIIE Z . LER(e+)
1. ad b |- a @K reYa&ion Point. 4Ge\/~”-?ﬁ
IK 1/20 beam S|ze than KEKB N
) - HUGE Beam
: Current!
K Aim tol 40 Luminosit a0 v ) than KEKB.
Achieved in 2022: 8 =0 v @1.46A(LER)/1.14A(HER)
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Overview of the RF system

6 Sections30 RF stations38 cavities.
- — 7

/3 types of RF stations: A
=
HER (7GeV)  LER (4GeV) i . _ . “
E L ) ARES = OARES 1:26 : 2 ARB&OPNC) |c
8 xSCC D5 = \0 SCCo0:1S5Ccavity, LKLY. p&® U w )
: 3 3
¥ KLYSTRON + LLRF :: .
>—=
D10 | scc -
D7 /
ARES
o8 |TIMTL
FITTTTITe oSl L
Tili —r = 508.9MHz L

ARES (HER,LER) SCC (Only HER)
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3 types of RF stations in SuperKEKB

Klystrons are the same model for the all types. (Rated output is 1.2MW.)
The practical power limit i1Is aboG00 kW(from saturation property, for effective Vc control.)

bl/KLYprovides RF to 1 ARES cavity.
HIvKLY: has to provide RF to 2 ARES cavities.

K in ; IS required than
(if same beam loading per cavity.) *0.5MV/cav.

: Q,%j ] ARES 1:2

a { / K EKLY (same model) provides to 1 SCC Unit. (Vc = 1.5MV)
But for SCC Unit (input couplepyactical acceptable power is about 400kW

Each station has respective type!
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Configuration of RF system for a section

RF station

Example of RF section (D7) @

Master Oscillator
Section Phase

Station
Phase

To other section

0

L TIEPL O

beam

Tunnel

* KLY are the same model for the all types.
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D07 §ection has 5 statior]\s:
H EAE & bARBTIE
(= 8 ARES cavities)

LLRF has a station phase.
(remote control phase shifter.)

al! wo{
configuration
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Beam loading and station phase

synchronous phase depends on vector sum phesg ( ) of all stations (principle of phase stability)

-|T'|}87<> D1F v!37<> [] *
[T k T, Y isthe 2Turn Loss
- .

Vec.sum

For each station, ACC pha&e ( ) IS consequently determined.

\ 4

The relationship between beam power and ACC phase:

V3

”‘ﬁL m O -nqﬁlf i A/ % IEH m = (Per each station) Vo = Ugle
K Beam loading balance is controllable through the station phase!
N §) : beam power
. . _ W . cavity voltage
[It should be considered the differences among the station typ%s! ‘O beam current
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Required RF power in uniform beam loading

Estimation of KLY power with respectto O, with same %, for all stations

JL _ - Eﬁ
JL9F O AL SCC
”—‘H'I+D T5er "i:'lr% m O = e
Phase 1:1/1:2/scc = 0/0/0 degree -
-
=== SCC cavity input : b1 (7GeV)  LER (4GeV) E
1000 1 e ARES 1:1 klystron out I F3 [ORRES  22xARES =
o= a |8 XRCC - .
= ARES 1:2 klystron out : ’ P ' :
- - ARES 1:2 Vc.sum
[ ¥ KLYSTRON + LLRF =
BDD__--__-_. ----------- "= D10 | scc -
KLY practical power : | s D7
g co0 | | D8 1 %/ ARES 1:1
: ARES 1: : T
g i Tiild | far = 508.9MHz |
[
L
[+ A Ta (I N S S iy BN S R
400 SCC practical power *Scales & angles are not exag ®s.sum :
[ :
1 = .
200
: A ate abo D O O
: - U AR pDer a ca
D T T ¥ T 0
0 500 1000 1500 2000 A 0 arg / -
Beam Current [mA] 26A o .
- gdes refiectic and other power IC

If all%o are equalized among all stations merddf; power exceeds the limit @.+§< design
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Appropriate BL distribution by different %o

0 S

amongdg

case of applying phase differences appropriately

Mrwto WA %4 g e

Phase 1:1/1:2/scc = 0/21/25 degree

= SCC cavity input
= ARES 1:1 klystron out
= ARES 1:2 klystron out

1000 ~

800 F+—————mm————— e ——

KLY practical power

600

+21U

RF Power [kKW]

SCC practical power

200 A

T

T T T
0 500 1000 1500
Beam Current [mA]

T
2000

e =P <4 e*
D4
\
o
D1 £ 3
(7GeV) LER (4GeV) e
=< |8 WRES 22 x ARES e
|e= - |8 XIRCC D :]—4
>
e
\) —
=
D10 | scc -
D7
| 2R
os [YINIL
Tuli | far = 508.9MHz |
*Scales & angles are not exact]

F ¢2 | OKAS@S

0SFY OdzNNBY i

The calculation conditior ,
A Estimate abouHERSY n E
A Vc =0.5 MV(ARES) / 1.5 MV (SCC) per a cavity.

SC

ARES ¥/

ARES 1:1
®ds.sum

among 3 types of stations.

Vc.sum

H dc !

al! w9 {

A 1-Turn Loss Energi¥() = 2.43 Me\V.
A It includes reflections and other power loss.

2

VO = Ugle':
MY ME X

LG A a

(0p)

Q)¢
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Appropriate BL distribution by different % 0S a mo n g

case ofapplying phase differences appropriately  among 3 types of stations.
Mrwto WA %4 g e ’

Phase 1:1/1:2/scc = 0/21/25 degree

€ =—p

< e*

(7GeV)

The phaseptimization is essential!| = A sum
Y OSTOA B :

o 5] /.

‘ requalization, apply phase differentetake

LER (4GeV) |

= SCC cavity input
ARES 1:1 klystron out
= ARES 1:2 klystron out

1000 ~

800 F——m—m—m—mm e —
KLY practical power

i

D10

600

+21U into account station characters! ARES 1:1

RF Power [kKW]

400 fF= === ———r ————T= *Scales & angles are not exact, ¥S.sum :
SCC practical power ~ :
- +23J The calculation conditior__.“ V0 = Ugle
A Estimate abouHERO n E a! w9{ MYME S
. | | | | A Vvc=05 MV(ARES~) / 1.5 MV (SCC) per a cavity.
0 500 oo ..:urf:fto[mm 2000 A 1—Turn Loss Ener_gy{() = 2.43 MeV.
A It includes reflections and other power loss.

(0p)
Q)¢

F ¢2 | OKASYS RSaA3dy o0SIY OdzZNNBYydG wHdc! T LG Aa
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One more iImportant requirement

One more important condition: The adjustment must keep 1 rlgyo SHE T o o

If this condition is Beam phase_shlfu@ keep Bunch position (timing)
the relationship. changedollowing the
changed, -
(phase stabillity) synchronous phase.

Bunch passage timing at Bunches pass each 1
.. 9= / ose
collision point is also other without L uminosity!
change. colliding y:

Ve.sum -
(before) :
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One more iImportant requirement

One more important condition: The adjustment must keep 1 rlgyo SHU Ty o o

If this condition is Beam phase_shlfu@ keep Bunch position (timing)
the relationship. changedollowing the
changed, -
(phase stabillity) synchronous phase.

Bunch passage timing at Bunches pass each
.. = : Lose
collision point is also other without N
Luminosity!

change. colliding

Ve.sum -
(before) :

Ve.sum

Beam phase shift!

Ps.sum
|

VO = Uge VO = Uge :




Procedure of beam loading adjustment

To evaluate, use RF Power
measurement. (Next slide)

13 Oct 2022

WN

requirements:

A Arbitrary phase differences are applicabfer
each stations. (to maximize reachalil® )

A Should not change beam phas®fore/after the

N adjustment.(to ensure luminosity)

~

/
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evaluation from RF power @each station

0 : KLY output* Py .
0 : Cavity reflect* - -
0 : Cavity wall loss, U U
Kept constant by LLRF. — -
0  :Beam Loading = q;’ v
e 8 5 "O
Pkiy - Pref = Pbeam + Pwall LL
V. cos(wt) Pbeam o VR ] 4
lbeam Kept constant by LLRF
(e- mumnm .;r> - 1
Beam CurrentQ ) (=0 @desigio )
|V |2 oc Pwall Pkly Pref Pwall Pbeam Pkly-Pref
¢ wa Pbeam = V_ lpgam cos @
(Actually, HFRF measurement is not accurate enough.
X ”'»- I ”'e:::::s =|= HE ”'—H— L] =|= O———— K Use thelinear Fit of ‘0 plot to ensure the reliability.
K |fy ,+ds obtained from these RF power measurement.
then, « L. is also calculated from 0 wwé i O  foreach station.
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evaluation from RF power @each station

: KLY output*

Py 0
. Cavity reflect* -
: Cavity wall loss, U
Kept constant by LLRF. -
- Raoam | nadina v

This evaluation can be donkiring physics run "9
52y Qi FFTFSOG Fyd | OOSt SNF (2N 2 L.ggtcmgén';bbﬁ@ﬁ-z y
(No beam abort risk

Easy and faseven adapt to many stations!

Ca

jer

KC-Z C1 C1 Ca

Beam CurrentQ ) (=0 @desigio )

| Pkly Pref Pwall Pbeam Pkly-Pref

N

| Ve | ¢ Pwall

Pbeam = V_ lpagm cos @

K ”'»- [] ”'-::::::s +um ”'—H— m + 0 ———— K Use theLinear Fit of ‘0 plot to ensure the reliabilit
K |fy ,+ds obtained from these RF power measurement.

then, « L. is also calculated from 0 wwé i O  foreach station.

(Actually, HFRF measurement is not accurate enough. J
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Calculation of the optimum phase

When all station phase set to a same value%o. , it has to satisfy.:  (To not change beam phase

K w can be obtained from vector sum. ]

) wA | % (& g &% )

When applying phase difference Y%o at i-th station, % has to satisfy:

® WAT(B  Y%o)
e , 4
% Al O OE]— > - .
, , , , There areN cavities on the ring.
\/‘*’ W \/‘*’ @ @ :Thei-i K adGlridArA2yQa 00
~ A oo Theii K A (% G.A 2y Q&
W {OA T Y%} ho {® O EYfbo} w : The required acceleration voltage.
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Calculation of the optimum phase

When all station phase set to a same value%o , it has to satisfv: | T THero ar° Yero o s

o o & 196 Akwcan

When applying phase difference Y%o at i-th station, % ha:

® OAT(B  Y%o)
/ , 4
oo W L oA W Known pa
%0 Al O OE I
\/ W W \/ W W
- )
&) {OA T Y} ho {® O EYfbo} w : The required acceleration voltage.
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Calculation of the optimum phase

When all station phase set to a same value%o , it has to safisfu: | T THero r° Yero o )se

o o & 196 Akwcan

When applying phase difference Y%o at i-th station, % hag

o)
(),

1\“{’(C.EFLJI"I'I .

® OAT(B  Y%o)
/ , 4
oo W L oA W Known pa
%0 Al O OE I
- )
&) {OA T Y} ho {® O EYfbo} w : The required acceleration voltage.
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Beam loading optimization tool

Dokodeno BeanLoading 2

Newly developed beam loading evaluation & optimization tool [ |p| (slope)

A Draw0 ‘O plot atspecified time period — %1 BL main plot distribution

(Usually, during stacking beam current.) _E oo
A In the main plot, vertical axis is selectable: _Eigg/
Ao 0 (=0 0 (= offset) e —
Ab 0 D (=0 ) e — .
A (0 0 0 )iw (®-normalizedd ) / | RANANRIAARL. ..
s sum(idea) - 76,930 (geq o5 51 — 75,89 [deg]
A Easyto-read display of the slope and phase distribution al T o 1
A Developed by Python3 + PySimpleGUI Phase distributior| s S

T T T T T T T T T T
45 60 75 90 70.0 725 750 77.5 80.0 825
Phase ®s[deg]

= + - —
Fecto Ftamfgae > ﬁ e +os &
tmT T = Pty = Prey =~ St :
-

last :

delta:

Select RF sci

Priy = Prop + Pyan +

°< Ibeam

-
-
-
-
=

RF Power

@ python 2

PySimple

-
= -

b= 2
Pwall X IVCI

Kept constant by LLRF

L | P m calculate ideal phase distribution with fixed beam loading
Beam Current (Ipeqm) (=0 @design Ipeam) [l
o= e e Pkly == == Pref Pwall Pbeam e Pkly-Pref
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Beam loading optimization tool

Newly developed beam loading evaluation & optimization tool.

A Drawd ‘O plot atspecified time period
(Usually, during stacking beam current.)
plot, vertical axis is selectable:
’ (=0 §
0 =0 )
0 )j® (®-normalizedd

A

the main

l

(= offset)

Ca C

~

U

n
A G
A D
A (D

)

A Easyto-read display of the slope and phase distribution

Dokodeno BeanLoading 2

BL (slope)

A Developed by Python3 + PySimpleGUI

— D044 . . . .
- >4 BL main plot distribution
E 500 : ggjﬁ F0.25
£ | 10 0 0 3 oo
5 400 g -
1—‘ D10C v
% 300 —— D10D = r0.1s
;a_ D11A §
:;2 100 4 % F0.05
o
0 : . . r L 0.00
0 200 400 600 800 1000 DOBARIBERFRMEHDIDEDIDIN DT D
Beam Current [mA] VO = 2.73 [MV]
®s.sum(ideal) = 78.930 [deq] ®s.sum = 78.898 [deq]
1.00 4 [S—
— 0.75 4
o _\ o "“'0\ il
Phase distribution. >~ w1
45 60 75 9 70.0 72.5 750 77.5 80.0 82.5

wall +

Hato o 4on fmae bal

¢

PySimple

Pkly_Pref

Priy = Prop + Pyan +

°< Ibeam

-
-
-
-
=

RF Power

@ python

-
= -

b= 2
Pwall X IVCI

Kept constant by LLRF

Phase ®s[deg]

ﬂﬁ@ ﬂgg Graph Area Config

SR 2077-04-18 18:50:00
NS 7077-04-18 20:30:00

last :

delta:

Select RF sci

Pwall ‘‘‘‘‘‘‘ s
Beam Current (Ieqm) (=0 @design Ijeqm)
o= e e Pkly == == Pref Pwall Pbeam e Pkly-Pref

13 Oct 2022

calculate ideal phase distribution with fixed beam loading

o0 |
drawing...
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Beam loading optimization tool

Tokodemo Beanloading 2

Newly developed beam loading evaluation & optimization tool. [ |p| (slope) |

A Draw0 ‘O plot at specified time period 2| BL main plot distribution

(Usually, during stacking beam current.) = = ‘
A In the main plot, vertical axis is selectable: N I TN
A D 0 (=0 0 (= offset) . "
A0 O 0 =0 ) HE”,
A (0 0 0 )jw (w-normalizedd ) ) / LA
s sum(dol) — 75,930 (e o5.5um — 78,898 [deg)
A Easyto-read display of the slope and phase distribution A s s SN S
A Developed by Python3 + PySimpleGUI Phase distributior =1 oo

T T T T T T T T T T
45 60 75 90 70,0 725 75.0 77.5 80.0 82.5
Phase ®s[deg]

||_-H_ - =i= I:‘ ||_{::} =i= nE | L ||_> - ﬁ = Pwa ﬂﬁﬁ ﬂgg Graph Area Config
Piiy = Prey — Start: w—
S 2022-04-18 20:30:00 |

last:

delta: Bl
vV

Select RF sectio

Priy = Prop + Pyan +

——— 1
- X Ipeam

RF Power

@ python 2

PySimple

-
= -

b= 2
Pwall X IVCI

Kept constant by LLRF

| P, m calculate ideal phase distribution with fixed beam loading
Beam Current ([beam) (=0 @design Ipeqm) IR
o= e e Pkly == == Pref Pwall Pbeam e Pkly-Pref
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Beam loading optimization tool

station Vel @s(deg) fix@s  fixtgi{deg) Phs ofstideg) new &sideg) A@sideg) powerratio

DOSA 0.43 72.764 -3.604

DOSE 0.43 74923 -2.763

p————— DOsCc 0.43 79,308 -3.148

VO = 2.73 [MV] Doab 0.45 72424 -d.264

®s.sum = 78.898 [deg] DOSE 0.45 74764 2_@24

DOsF 0.43 74612 -2.452

DO7A 0.84 74.108 7.831

DO7E 0.84 74225
Do70 0.44 74411
DO7E 0.88 76.831
DOBA 0.88 76.358
DOBE 0.84 79,972
Doac 0.44 79.258
ooab 0.42 84.057
DOBE 0.84 85.065

A B BB EEN

70.0 725 75.0 77.5 80.0 82.5

&

[wn] [ukE]
i) N "

ottt D000
D00 D000 DO C0 00 00 T P T 00 00 o
g iy Py Vi Fay iy [ iy P ] —

£ L L L L L

<

calculate ideal phase distribution with fixed beam loading

Re-calc
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Beam loading optimization tool

' Specification of phase difference

I (obtained from the plot) — (Y%o) —
station Vel @s(deg)  fix®s  fixtgiideg) Phs

fstidegl new @sideg) A@sideg) powerratio

[

DOSA - 043 73.764 _ | 0| 72133 -3.604 124

0.43 74.323 _ | 0| 72133 -2,763 117

S —— - - | 0| 72133 -3.148 120

Vo =27 | 0| 72133 -3.264 121

®s.sum =78 ~ A 771 A ~ 4 AT

e Sdd NBIRSRUZOUSR ¥

72133 “249 1.1

DO7A v 0| B2 7.84] 0.5¢

70.0 725 75.0 77.5 80.0 825 DD?B v E:: m 82 E_?_?_E |_-_|._ _1

DO7D 044 74411 | ] 0 | 72.159 -2.251 1.14

i DO7E  0.88 76.831 _ | 3 73133 -1.731 112

043

i DogA  0.88 76,358 _ | 3 73133 -1.138 1.08

125 Dose  0.84 73.372 _ | 3 73133 0412 102

ik DORC  0.44 75.258 m ] 0 | 72,159 -3.098 1.20

ez DOSD 042 84,057 | o a4 0.057 1.00

DORE  0.84 A5.0R5 | 85 o B 0.064 1.01

calculate ideal phase distribution with fized beam loading -

ES Calculated target phase

(%o 5’/%0) Correction amount

for phase shifter
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Example of beam loading adjustment

station  Weo(hMY)  @s(deg) fix@s fixig

—
—

Ib cos®s)

degl Phsofstideg) new &sideg) A@s(deg)l powerratio

1 D10A~D Lo4a 080 70.361 = | 74,344 3.383 082
H D11A~D (SCC) po4c 080 69788 1 N 74344 4546 0.78
T ¢ LO4E - 045 /1.2 = | 0| 70,344 -0.866 104
> c

3 g LO4F 043 73.339 | | 0| 70,344 -2,330 117
g s Lo4G 043 73130 = | 0| 70,344 -2.805 116
: DO4H - 0.45 72641 = | 0| 70344 -2.29h 112
) 4 DDA 135 82.348 i 0 | a1 -1.347 117
= 400 600 800 FLviy] 1200 DOBHBCDEEROA D IDEIDIN NI D = S e
Beam Current [mA] VO = 2.73 [MV] DIOB  1.35 82.313 vl 81 0| a1 -1.313 1.16
®s.sumf(ideal) = 78.930 [deg] ®s.sum = 78.898 [dEQ] D-I DC -I .35 B-I .??E !I m B-I 'D.??S -I .DEI
D100 1.35 81.747 vi 0 -0.746 1.08
D11A 135 80.574 i 0 | ~ —

15 3:hase§s[degﬁ]0 75 %0 700 72.5 75.0 77.5 80.0 82.5 O11B 1.35 21.150 I m

DI1C 1.35 79,192 vi 81 0 |

. BA) 23 e v 0 HER (7GeV)  LER(4GeV)
B load f HER d
eam lIoa Ing (0] on one a.y Fe-calc 8 x SCC

E ¥ KLYSTRON + LLRF
\\

[ scc

| Ares
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Example of beam loading adjustment

DO04A,C,E,F,G,H (ARES)

/» DO4E,F,G,H (ARES 1:1)

% 400 BeamLoading OPI2 T 400 BeamLoading OPI2
4 r \ | o. vl -
: =0 — %22 ] y o 2 350 D04A,C(1:2) F 0.30
2 350 1 =1 ] T p
= %00 ARES Z Ao D10A~D, £ 13 Bigﬁ B,(SCC)
> —— DO4F - s 7 —~
§_ 250 2 004G § D11A~D (SCC) _;é 250 4 $j‘: %
i 3 2 g oo
= =1 Do4H < Fo.20 £ 200 1 —— DIOA | £
> 2004 ——— DI10A ‘E‘ e —— D10B & +0.15
= — D108 A S L0.15 g 150 e £
ﬁ 150 - D10C L= 5 —— D10D S L0.10
€ 100 4 —— D1oD S +0.10 “ 100 D11A
. D11A £ ol - SCC D118 L 0.05
& 50 CC D11B I 0.05 N D11C
L S D11C Z 0 T T T 7 D11D - 0.00
g o ! | ' o11oH L 0.00 = o 200 400 600 800  iuuu  £200 DOBHBOBEAEBA LD EDEDIDINIVETL D
= 0 200 400 600 800 wuu 1200 D0BOBIDERERMHID EDIDIN DT D Beam Current [mA] VO = 2.68 [MV]
Beam Current [mA] VO = 2.73 [MV] ®s.sum(ideal) = 79.120 [deg] ®s.sum = 79.099 [deg]
®s.sum(ideal) = 78.930 [deg] ®s.sum = 78.898 [deg] 1.00 4 |
1.00 A 7 0751 \ |
— 0.75 4 z 20 <] -
S0 ] _\ N —\ 2 0.25 1 . |
e 0 . — 4
g 0.25 1 by —— ——————t
0.00 A \ 0.0 4

0 15 30 45 60 75 90 70.0 72.5 75.0 77.5 80.0 82.5
Phase ®s[deg]

ﬂﬂﬂ t&]q g zonm rect Graph Area Config

U 2 022-04-18 19:50:00 Select TimeRange
OB 2022-04-18 20:30:00
last :

| Offset ZERO
delta: Z
~|Vc Normalization

M~ ~ =
O~ D — D
o .

Select Station

v|Show Fitline

SO €0 €007 €N €0~ 0~

SR
oONO R~ WP WLw

DOOHNA—DS
R Pt ey P == [ =]
D=FoHawnty N: c

.35
35
35
35
35
35
35
35
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Example of beam loading adjustment

DO04A,C,E,F,G,H (ARES) p DO4E,F,G,H (ARES 1:1)
T 400 BeamLoading OPI2 — Z 400 BeamLoading OPI2 /
% " ooan? ‘r\ L 0.35 8 o D04A,C(1:2) | 030
% 350 —— Do4C 4 D10A~D T_‘l < D10A~D
5 301 ARES 5" o | - ~ g 2 D
) Z= 2| 3 D11A~D (SCC) : g D11A~D (SCC)
= — Do4H S L 0.20 s €
5 200 - D10A S = g L0.15
E 150 1 = gigg: % o % E L0.10
& —— D1loD S +0.10 '
- 07 D11A > D118 L 0.05
£ s0- SCC
s SCC | — one L1 I el
£ o ! | , p110-H _ 200 400 600 800  iuvu 1200 DOBABBERERMRHD IDEDIDINEVEIL D
= 0 200 400 600 800 10061200 DOBAIBEAGRMEDIDEDIDIN D Beam Current [mA] VO = 2.68 [MV]
Beam Current [mA] Vo =2 ®s.sum(ideal) = 79.120 [deg] ®s.sum = 79.099 [deg]
.| A The 3 lines for the 3 station types clearly. - \ ]
8 . . | | ‘ | | I | 0.0 4, ! ! : ! !
A BL became uniform among SCC stations. S —————" P ——r——
—

D045 080 25380 74476 [
DO4C 080 265.93 PEEE %0 X W

L

ﬂ ¢ ﬂ +Q ﬂ P Grapn Area Config station | VeMV) ___offset(kW) __@s(deg) _|A#s(to ideal ngg ggg . ;]IEE} e :
St FEETSCAESTONM | soco rmenange i D04G 0.45 | 71.488 %0 X @

OB 2022-04-18 20:30:00

""""" =iy 0.45 A 71.429 S
st Select Station DO: ) res g 80.792 1672 ‘
| Most station phases get the target ge=gaisii i |
v|Show Fitline ] - - r~ 135 -4, BUB?D 0/
. | phase within error of 0.8 i 2 nit Bl
_ 1.35 ] 80.975 -1.856
D11D 1.35 . 81.278 -2.158 ‘
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Example of beam loading adjustment

B File Edit Window

B File Edit Window

Secific Luminosity r Beam-Beam [ Luminosity

o0

[=}

[

| P R

L .,
0.2 0.3

IpiIp.- [mAZ]

Secific Luminosity r Beam-Beam [ Luminosity

o0
T

[=y)

Specific luminosity
(bunch current normalized luminosity)

I
b B ekl L il Ll | ™T
I [ I

i)

sp x1031 [cm'zs'l/mAz]

ALQ?J : i : } — { — { —

Before

13 Oct 2022

No significant change was
found in the luminosity

| before / after the

adjustment!
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Summary

AWe established a method to evaluate and optimize the beam
loading balance among RF stations.

AThe evaluation can be made in a simple procedure using only RF
power measurements and other parameters that are easy to know.

AThe evaluation and adjustment are essential to store high current
beam and to achieve high luminosity.

AThe adjustment tool can give other advantages for beam stability,
fallure detection, and other beam studies.

Aln the next step, we want to automate this procedure to keep ideal
beam loading distribution.
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Other possible method of phase evaluation

How to evaluate acceleration phase? f

. . e =—p *4— e* \
AUse Cavity Pickup? \ -
HER (7GeV) LER (4GeV)
8 x ARES 22 x ARES !

I i

How to compare phase between cavities that 1km apart?
How to determined the phase based on beam pass timing?

almost impossible.

* At the start of operation,
this adjustment is necessary to align adjacent cavity phases.

SuperKEKB has 3km circumference (1km diameter)
far = 508.9MHz

ASee the synchrotron oscillation frequency?

Scan all station phase oneby-one? K Spends much time.
And it is incompatible with the physics run.
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Upgrade plan of RF system

Original slideK.Akali

KEKB-RF

FLI

D& -\

/__

SuperKEKB-RF
add 5 klystrons, HR&LL waﬂ’,?
add 3 power supplies

pa 00 ps O\
C )

/ D7 F",“' D&

/" bio "',“m b1 )

e IIII ....... |

KEKB-RF

FLI

D& -\

il

1 POaeT S
add 2 more kI

SuperKEKB-RF

Elystron F'E. P.F
& ol ||I i}

BEN  Type CAT power supp by Lf 11111111111 rons)
oot Jllec Ry paa B, powmnawagty (f e Klhystron|

strons, HPELL
upplies
WSTIOns, HI-'-&[I..\\
MOFE POWEr SUDE
1 lﬁf-
1
|
1

add 2 klystrons, HP&LL
DlD '

IIII IIII%.

D11

::::::

Typse “A" power supp by (for teo klyst rens|

To reach deS|gn beam current 2.6A in HER,

FdzZAYSY Gl dAz2y (2

13 Oct 2022
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Upgrade plan of RF system

KEKE (achioved)

Ring HER LER HER LER HER LER
Energy [GeV] 8.0 3.5 7.0 4.0 7.0 4.0
Beam Current [A] 1.4 2 2.6 3.6 1.14 1.46
Number of Bunches 1585 1585 2500 2500 2346 2346
Bunch Length [mm] 6-7 6-7 5 6 ~6 ~6
Total Beam Power [MW] ~5.0 ~3.5 8.0 8.3 ~3.1 ~3.2
Total RF Voltage [MV] 15.0 8.0 15.8 9.4 14.2 9.12
ARES SCC ARES ARES SCC ARES ARES SCC ARES
Number of Cavities 10 2 8 20 8 8 8 14 4 4 8 12 10
Klystron : Cavity 1:2 1:1 1:1 1:2 1:1 1:1 1:2  1:1 1:2 1:1 1:1 1:2 1:1
RF Voltage [MV/Cav.] 0.5 1.5 0.5 0.5 1.5 0.5 0.45 1.35 0.45
Beam Power [kW/Cav.] 200 550 400 200 600 400 200 600 130 170 260 190 230
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Example of applications o fault detection

BeamLoading OPI2

DOSE station phasé&§ ) was set to 86
(to minimizebeam loading
dueto cavity vacuum condition.

=lb cos®s)

Pref - Poffset) / Vc [kw/Mv] (
coefficient (cos®s)

MHAfter small earthquake, DOSE phase jumped to(91
D08 E m DRI END I B ERBIHIE £ =
(deceleration phase!)

Os.sum(ideal) = 76.983 [deg] ®s.sum = 76.934 [deg]
\ 2 T).._I

T T T T T T
0 15 30 45 60 75
Phase ®s[deg]

(PKly -

Thanks to the tool, we noticed this phase jump quickly!

it e | * According to investigation after this event,
e e ' a certain RF cable was abnormally sensitive for outer force.

last :

delta:

v Show Fitline

Ea
drawing...
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Example of applications - for study

\/c-Transient with Two Bunch Gap in HER M. Nishiwak
: : T. Kobayashi
HER ARES (D04F) HER SCC Vc (only simulation) Beam Curren : 800mA
Af ~1;?‘4-5[kH:r.]-[in£Jud:ing - 5*offset) 1-_:':|.f' ~ =14 4[kHz](including = 8°offset) Vector Sum of SCC & ARES
Phase ¢, ~ 69.3° —se—Gap , Oy~ 131.3’ from simulation data
5 # B —Gap _ "% A A i1 SCC(Ve= =
— Ty i a1 A (Vc=1.35MV) x 8 + ARES (Vc=0.45) x 8
£ 2 00" | A A with 10-deg phase difference between SCC&ARES
= 2 i ’ ) H
g s é s v P - Assuming that all cavities are operated with the same condition
- = i Vi [y for SCC and ARES, respectively
I‘T;' 10 oo I|-*I' Il-r V
: 3 el RS PRRSR PABE AR,
A R [ —Tr e T 1. 3 avolution Period
=4 u(;| e ! V=l dlp) 0.5 . . o .
i e 2 4 & 8 wow My e wow _ Information of%. are contributed
Amplitude Time L] o0 Tima ) | g oo for BunchGap Transient simulatiop
e b o] £ DM == Zmylatign oy o, = a7 e
.; - = = QImuHEr : — I#I: h |‘l ) E -05 uo \I) O O %b Y N
3 . i : r':'l‘ :’:I 1] E y/OO ’ ol 3-0
' i
E 2510 E 510 |: " j ] i v 2 10 CW 0)
E‘ & Y ; 1-. :' \ —V5-Phase_eff |
= 2 e HE : {0 1.5 — - — AV 1
5 E i ! i N i Aifropy = Agp ==
E 400 ;,‘rl Ta t--': 1|II|'--.~‘I "’-.-‘I 20 1 V. tang,
€ Revolution Period = = Revolulion Period = 0o 48 B0
. - Time [us)
2 0 2 4 & & W 12 2 0 2 4 8 & W @
Time [us] Time [iss] Plot shows the effective phase including Ve-change for beam phase,
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Super
KeEKB
-

Vc-Transient in 2021 operation N

Py, = I,V.cos¢

Working Status of RF System Beam Loading (Op. Conditions)

W Fle Edit Window 2021-12-17 11:23:54  Help - Pkly PT PC
ARHV[R[ORFSFILIE 300.6kWmmm  0412MVE 0400MV L E R — DOSA H E R OPI2
B/ RHV|R|ORFSFILIE 3043kWHmE  0409MVE  0410MV T e B Py T 1 I Pb-]b plot T Tt
pos C/E VRO RESFILEE 2000kWams — 0410MVE  osuomv g %0 oosc - 4 b=1b PlOt—— g o]
DR[EVIR[ORFEFILFE 2011 kWam  0410MVIE 0410MV 8 — DOSD ) 2 %1 hormalized by Ve | |o< 6oée |
ERHV[R|ORFSFILFE 2782kWHEN — 0410MVE  0400MV 2?9 pose normalized by Ve L o | Bodr
FIRHVIR|ORFSFILFE 2783kWHIN  0410MVE 0d0MV LER V L 200 .— DOSF / g D04G
AR IVR[ORFEFILFE S123kWmmmmn 0.849 MV 0.840 MV < B —— DO7A S 2501 DO4H
BRIV R|ORFSFILFE 4523kWammm 0856 MV osomv 9177 MV S 250-—— DO78B = D10A
DO7 C R HV/R|ORFSFILFE 3063kWmmm  0419MVE 0s0MV  Beam = —— DO7C 5 2001 D108
DIRHVIRIORFSFILFE 2789KWHEE  044MVE  040MV o609 004 $ 200-— po7D 2 150 p1oc |
| E[RHV|R[ORFSFILFE 183kWmmmN 0S50 MVEE  080MV . B y50l— OE £ D10D
ARHVIE|ORFSFILFE 456 9kWHEEN  082MVEE  0840MV £ Ll € 1004 D11A
B/ R HV|R|ORFSFILFE 517.0kWHmmmS  0.848MVEE  0ss0MV £ 1004 Do8B 5 D11B
DO8 C R HV/R|ORFSFILIFE 2745kWam  0421MVE 0420MV “ Do8C T 50 D11C
DRIV ORFSEILIE 2007kWmm — odo3mvm  osemv |ER: 1A, & 50 g:g ‘,,«-“ Z , D11D
. = a - T T T T T
E|R|HV|R|O Rfﬁ (LB 7AKWESSS  0SOIMVES  oswmy 2 s ' ' ' ' e S o o e B i 1200
A[RHV|R|O|RF|SF]IL/FB 483.7 kW N 0.801 MV 0.800 MV = 0 200 400 600 800 1000 120C Beam Current [mA]
C|RHV|R[ORFSFILFE 5171kWmmmmm — 0801MvEm  oomv LIER: 800mMA Beam Current [mA] 100 4
pog E|RHV[R[ORFSFILFB 2755KkWHEN — 0457TMVE  o4somv : Lo o]
FRHV[R[ORFSFILFE 3533kWmmm  0450MVE 0ds0Mv el 2 050 ]
G[RIVIRIORFSFILIE 298 kW — 04SIMVE — 0480MV  prpg v % 0504 T 025+
| H[RHV[R[ORFSFILFE 356SkWHE  0450MVE  0450MV T 025 © 0.001 N
AR HV[RORFSFILFE 2138kWam 1399Mvemm wsomv 14234 MV ] \ MR SRS SR ESSR S, —
1o B[K[HV/R[O[RFSFIIL[FE 192.1 kW 1.349 MV 130MV  Beam I A S [ — — 0 15 30 45 60 75 90
C[RHV[RORFSFILFE 1888KWMN  135SMVMNEN  130MV  goo s s 0 15 30 45 60 75 90 i S
D RHVR[ORFSFILFE 1998kWEE  1348MVEE  1350MV : Phase ds{deg]
- ARPV[R|[ORFESFILFE 2161kWmm 1353MVEEN 1350MV ARES (D04F)
pyy BEHV[R[ORFSFILFE 21STkWHE — 1352MVEEEN  130MV ARES (DO5A)
C[R|HV|R[O[RF|SFIL[FB 207.8 kW 1.356 MV L350MV .
DR HVR|ORFSFILFE 1920kWHE 137 MVEES  1350MV . ¢ps ~ 69.3°  Afops ~ —63.5[kHz]
DR Ve ¢s ~ 74.1 (for A-cav)
DRA[RHVIR[ORFSEILFE 1271kWm 1.000MVEEN  L000MV l'gtgl:lv Afopt ~ —89.5[kHz] SCC
14.2 mA (for A-cav) .
SKBRFDisplayCATV on localhost41.0 B ¢s ~ 81.3 Af. opt ™ 13.9[kHz]
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Super

KeEKB
7
ARES :Accelerator Resonantly coupled to Energy Storage
. : - T. Abe
Unique cavity specialized for KEKB
Prom = 3.3 kW /HWG R P E Parameters
H +’ Tested up to 5 kW at test stand D1-C. gEo ," os J
. & Freq. 509 MHz
TEp3 P q
===s HOM Waveguide (HWG) : Rsh/ QO 15w
Storage Cavity Tz‘iﬂ{]?st?llt?etr)sug?r-sl—?\z%.d OO ~1.1x10°
(SC) !
Input Coupler = nova
: Coupling P B ccted upot-ga.k;:({,'s at D1-C. Ve spec)  0-SMVicav.
Inputgftgotlmg F)actor Cavity (CC)
A & OF AT T P 1500

(60kW in AC, 90kW in SC)

sm Equivalent mechanical model

- Accelerating

Cavity (AC)
Parasitic (0 & 11) | Afac = -280 kHz
Mode Damper

Input coupler

Pemp = 21 kW

to 40-kW dummy load.
v Tested up to 24 kW at D5-C.

Pinput = 800 kW (IT‘I&X.)
v’ Tested up to 800 kW at the test stand D1-A,
and up to 770 kW with beam at D5-C.

L —
Pwan = 150 kW (V: = 0.5 MV), Poeam = 550 kW, Pemp= 21 kW

AThree-cavity system is stabilized with p/2 mode operation
U SC has large stored energy : Y j°Y
( Optimum detuning of "Q isreducedas Y@  YQj( Y 7Y )
U CBIs driven by the accelerating mode is suppressed.

ACauvity trip rate O.5/ cavityl/l 4 n
(during 2022ab operation) for the 30 ARES cavities
U No significant change since the KEKB era.

U Parasitic 0 and p modes can be damped selectively out of CC by an .
) " P P Vely od y U Very stable for beam operation so far

antenna-type damper.
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Super
KeEKB

~ 3
S C C SuperKEKECC Desigharameters

_ _ _ Number ofCavities 8
. 509 MHz Nb Single-cell HOM-damped Cavity, 4.4 K Operation Max. Bean Current [A] 26
. 8 SCCModules in HER (electron ring) RFVoltage [MV/cav.] 15
. Re-use of SRF system of KEKB External Q 5E+4
. Sharing the beam power and accelerating voltage with ARESs UnloadedQ at 2MV 1E+9
by giving phase- offset Beam Loading [kW/cav.] 400
. Main Issues in SuperKEKB for SCC HOM Loading [kW/cav.] 37

U Large HOM power is expected due to twice high
beam current and shorter bunch length.

E Additional SiC HOM damper
U Degradation of RF performance of Qo.
E Horizontal High-Pressure Rinse

Resent Operation Status (Trip rate)
A Very stable beam operation
A Trip rate : 1.1/cavity/4 months(2022ab)
(except due to LLRF and High -power system)
A By discharging in cavity or input coupler and trouble of
peripheral devices (chillers, tuners and so on)
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